Abstract----Compositional separation (CS) in Co-Cr based alloy thin films, which produces fine Co-enriched regions within grains, is expected to provide a particulate type magnetic microstructure suitable for high density magnetic recording. Towards the goal of establishing a synthetic phase diagram for Co-Cr thin films we examined the change in composition of the Co-enriched component as a function of mean Cr content. Our results show that CS occurs in single phase hcp solid solution thin films for Cr contents ranging from 5 to 22 at% Cr. The miscibility gap for Cr in the Co-enriched phase seems to be around 2 at% Cr. CS was also observed to occur in fcc Co-Mn alloy films. These results suggest that the origin of CS may lie in magnetically induced phase separation.
I. INTRODUCTION
For use as a high density magnetic recording medium, a material should have a "particulate type" magnetic microstructure consisting of fine, magnetically isolated, ferromagnetic regions [1] . Minimum bit length then decreases with the size of the ferromagnetic regions. Until recently, individual crystal grains were believed to be the smallest such independent magnetic regions.
We discovered, however, that a very fine, regular, pattern of compositional inhomogeneity exists within the grains in Co-Cr films deposited at elevated substrate temperatures (Ts). Fig. 1 shows a typical TEM micrograph of the chrysanthemum-like pattern (CP) microstructure revealed by chemically etching the Co in a Co-Cr film deposited at a Ts of 150 Q C [2] [3] [4] [5] . White and dark regions in the figure correspond to dissolved Co-enriched and passivated Cr-enriched regions, respectively [5] . Further studies, including thermo-magnetic analysis (TMA) [6] , nuclear magnetic resonance (NMR) [7] [8] [9] and atom probe field ion microscopy (APFIM) [10] , confirmed that drastic compositional separation (CS) occurs in Co-Cr and Co-Cr-x (X=Ta, Pt, Ni) films deposited at Ts between 100 and 300 QC producing distinct Co-enriched and Cr-enriched components.
Furthermore, small-angle neutron scattering was recently employed in order to measure the scale of the magnetic microstructure in Co-Cr films [11] . The existence of magnetic features with a periodicity of about 8 nm was detected in a compositionally separated Co-Cr film deposited at a Ts of 200 QC. This periodicity corresponds very well to that of stripes in the CP structure shown in Fig. 1 suggesting that CS may, indeed, produce a number of very fine ferromagnetic regions within a non-magnetic matrix inside each grain.
Such CS, however, has never been observed in Co-Cr bulk alloys and general information on CS is scant. To fully utilize CS for the development of high density magnetic recording media we believe that it is important to establish a synthetic phase diagram for Co-cr thin films and investigate the origin of CS.
We will consider two mechanisms proposed as possible origins of the CS observed in Co-Cr films. The first of these mechanisms is precipitation of the CoCr (J phase intermetaIIic compound as suggested by Sagoi and Nishikawa [12] , based on the assumption that the cr solubility limit in the hcp solid solution is 13 at% Cr. The second mechanism is the magnetically induced phase separation (MIPS) predicted by Hasebe et al. [13] from thermodynamic calculations.
In order to test these models it is important, therefore, to examine (1) the possibility that CS occurs in Co-Cr films with Cr contents under 13 at% and (2) the possibility that CS occurs in Co-X alloy films other than Co-Cr.
In this study, the CS in Co-Cr films was examined as a function of mean Cr content, using spin echo NMR and preferential chemical etching. In addition, the possibility of CS occurring in the fcc Co-Mn alloy system was investigated by studying the influence of Ts on the compositional distribution in a series of Co-Mn films. 11 . EXPERIMENTAL PROCEDURES 600nm-thick Co-Cr films were deposited on polyimide substrates by radio frequency magnetron sputtering from Co-Cr alloy targets. The Cr content of the films was varied from 5 up to 22 at% Cr. Ts was set at either room temperature (RT) or 200 QC. Ar gas pressure was 20 mTorr and the deposition rate was approximately 35 nm/min for all films.
Co-Mn films containing about 24 at% Mn were deposited in a similar manner with Ts set at either RT or 300 Q C. In order to detect the occurrence of CS, spin echo 59CO NMR was conducted at 4.2 K in zero external magnetic field, as described elsewhere [8] . Annealed, bulk Co-Cr alloy samples were used as compositionally homogeneous references.
In order to investigate the compositional distribution, TEM observations were performed on ion-milled specimens which were chemically etched by immersion in diluted aqua regia, as described previously [3] [4] [5] .
Ill. RESULTS AND DISCUSSION

A. Influence of Film Composition on CS
The NMR frequency spectra for Co-Cr films containing 5,7,10,15 and 22 at% Cr deposited at both RT and "200 QC were measured. Fig. 2 shows the NMR spectra for Co-I0 at%Cr films deposited at both RT and 200 Q C. It can clearly be seen in this figure that as Ts was increased from RT to 200 QC, the main peak frequency (M) shifted from around 212 MHz to around 220 MHz and the relative intensity of the first satellite peak (S) decreased. These changes indicate the presence of a Co-enriched component in the film deposited at aTs of 200 QC, i.e. the occurrence of CS. From the curve relating main peak frequency and Cr content for Co-Cr bulk alloys [8] , films deposited at Ts ofRT and 200 QC were determined to have Co-enriched components with Cr contents of about 8 at% and 2 at%, respectively. Similar changes in NMR spectra with Ts were observed for the other four films such that all R T films showed spectra similar to those for compositionally homogeneous bulk alloys of the same mean composition, suggesting that they were almost compositionally homogeneous, and all films deposited at 200 QC exhibited a distinct Co-enriched component, ~ ca .... indicating the occurrence of CS. Figure 3 summarizes the NMR results on the change in NMR main peak frequency as a function of Cr content for Ts of both RT and 200 QC. The main peak frequencies for the films deposited at a Ts of RT show a linear decrease with Cr content, similar to Co-Cr bulk alloys. Films deposited at a Ts of 200 QC, however, exhibit an almost constant main peak frequency of around 220 MHz for mean Cr contents of less than 15 at% and a frequency of 215 MHz for a film with a mean Cr content of 22 at%. This result indicates that CS occurs in Co-Cr films with mean Cr contents down to approximately 2 at%, suggesting that the phase boundary of the Co-enriched phase is around 2 at% Cr. Since CS occurs in Co-Cr films with Cr co.ntents of less than 13 at%. It is unlikely that CS is due to the precipitation of the cr phase. we assume that the difference in Cr content from the mean for the film as a whole is the same for both the Co-enriched and Cr-enriched components, the CS would not be expected to change the mean film Ms drastically for films with low mean Cr contents, e.g. lower than 13 at%. This indicates that Ms enhancement is not a reliable indicator of the occurrence of CS for mean film Cr contents less than about 13 at% Cr.
B. CS in Co-Mn Alloy Films
As mentioned earlier, it has been proposed that CS may be a result of either precipitation of an intermetallic compound or MIPS into Co-enriched and Cr-enriched components. The results of Section A, however, suggest that CS is not due to the precipitation of the 0' phase so we will consider the possibility that CS is due to MIPS.
According to the theory of MIPS [14] , CS should occur in other Co alloy systems if the magnetic ordering energies are strongly composition dependent, e.g. alloys which exhibit a sharp decrease in Curie temperature (Tc) with composition.
One such alloy system is Co-Ru. In the hcp Co-Ru binary alloy system increased Ru content causes the Tc to decrease, reaching 0 QC for a Ru concentration of about 34 at%. Furthermore, no intermetallic componds precipitate for any composition. Recently the authors [15] discovered CS in Co-Ru alloy films.
Another alloy system which exhibits a rapid fall-off in Tc with composition is fcc Co-Mn. In this system, the Tc decreases to 0 QC for a Mn content of about 30 at% and no intermetallic compounds exist for a Mn content of less than about 40 at%. MIPS is predicted to occur in this system [13] . 5 shows NMR frequency spectra for Co-Mn films deposited at Ts of RT and 300°C. The mean Mn content for the films was about 24 at% so a Co-24 at% Mn bulk alloy was taken to represent a compositionally homogeneous reference. In this figure we can see that the film deposited at a Ts of RT showed a spectrum similar to that of the Co-Mn bulk alloy whereas the film deposited at 300°C showed a main peak around 218 MHz, indicating the existence of a Co-enriched component with a Mn content of approximately 5 at% [16] , i.e. the occurrence of strong CS. This result supports a claim that the origin of CS lies in the MIPS predicted by Hasebe et al. [13] .
The MIPS model is considered consistent with experiment in that CS would not be expected to occur in the bulk state due to sluggish diffusion, whereas, for thin films, atoms are mobile at the film surface during growth and may produce CS via short range diffusion.
IV. SUMMARY
Towards the goal of establishing a synthetic phase diagram for Co-Cr thin films, we examined the change in composition of the Co-enriched component produced by CS as a function of mean Cr content. Our results show that CS occurs in Co-Cr films with Cr contents ranging from 5 to 22 at% Cr. The miscibility gap for Cr in the Co-enriched phase seemed to be about 2 at% Cr.
Spin-echo NMR study of fcc Co-Mn thin films suggests that films deposited at elevated Ts exhibit strong CS.
These results support the claim that the origin of CS in Co-X alloy thin films lies in magnetically induced phase separation.
We believe that further study of a synthetic phase diagram for Co-Cr films will yield information important to the development of high density magnetic recording media .
